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Abstract
We have examined size-dependent electronic relaxation dynamics in isolated semiconducting
mercury cluster anions using time-resolved photoelectron imaging. Relaxation following
excitation from within the conduction (p-) band occurs on an ∼3–40 ps timescale and is
attributed to non-adiabatic relaxation through the p-band. Exciting an electron from the
valence (s-) band into the conduction band creates an electron–hole pair that relaxes prior to
Auger emission. The dynamics associated with this feature occur on an ∼500 fs timescale and
are attributed to either a hole-induced contraction of the cluster or electron–electron
scattering.
PACS numbers: 32.80.Hd, 33.60.+q, 36.40.Wa, 82.53.Mj
(Some figures in this article are in colour only in the electronic version.)
1. Introduction
As nanotechnology becomes a more integral part of the
broader technological landscape, it becomes increasingly
important to gain a fundamental understanding of the
electronic processes that occur at the nanoscale. For example,
there has been considerable recent interest in the mechanisms
of electronic relaxation in semiconductor quantum dots
owing to the possible application of these species in solar
cells [1]. Much of this interest has focused on the creation
and relaxation dynamics of multiple charge carriers in
quantum dots, either by absorption of multiple photons by a
single quantum dot or through the proposed mechanism of
multiple exciton generation [2, 3], in which a high-energy
electron–hole pair created by a single photon decays into
multiple electron–hole pairs.
Quantum dots are generally formed in solution and
passivated with surface-capping groups, however, and some
experiments have suggested that the surface-capping can
have significant effects on the electronic dynamics of the
quantum dots [4, 5]. Hence, studies of bare, gas-phase species
that mimic the electronic structure of quantum dots can
provide new perspectives into the relaxation dynamics that
occur in these species. In this paper, we present recent
experimental work [6–9] on mercury cluster anions using
time-resolved photoelectron imaging (TRPEI) to monitor
electronic relaxation dynamics after (independently) exciting
electrons from either the conduction or valence band.
Mercury clusters are an ideal system to study in this
respect. Upon aggregation of Hg atoms, the filled atomic
6s and empty 6p atomic orbitals form quasi-continuous
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Figure 1. (a) Photoelectron spectra of Hg−n measured with 7.9 eV photons adapted from Busani et al [21]. The gap between the low
electron binding energy (eBE) (6p electrons) peak and the broad, high eBE shoulder (6s electrons) decreases with cluster size. This
corresponds to the BG of the neutral Hgn cluster. (b) Photoelectron spectra measured using a tunable UV nanosecond laser, showing the
Hg−n BG and the wavelength-dependent appearance of a new feature due to delayed Auger emission, adapted from Busani et al [22]. The
e−–h+ pair could potentially relax much further (triangles) than the signal actually extends, indicating that there is some fast Auger emission
that inhibits this process. See text for details.
‘bands’7. These bands are well separated, having a distinct
band gap (BG) that drops with increasing cluster size, similar
to the situation in semiconductor quantum dots. Clusters
of only a few Hg atoms will be bound in van der Waals
(vdW) complexes [10] before making a transition to a more
covalent binding character characteristic of semiconductors,
with increased delocalization of electrons throughout the
cluster. This change in bond character has been studied
extensively in both neutral [11–16] and charged [17–20]
clusters. Eventually, the addition of orbitals to the bands leads
to the closure of the BG, in a Kubo-type insulator-to-metal
transition [19].
Mercury cluster anions, Hg−n , offer a natural way to
probe the size evolution of these trends. Since the clusters are
charged, size-selection prior to spectroscopic interrogation is
straightforward. Moreover, in the cluster anions, the excess
electron resides at the bottom of the p-band. Thus, as shown
by Cheshnovsky and co-workers, photoelectron spectroscopy
of Hg−n anions at photon energies high enough to detach
electrons from both the p- and s-bands can directly yield
the BG as a function of cluster size [21–23]. Characteristic
photoelectron spectra are shown in figure 1(a). Basic
processes yielding these features are shown schematically on
the left part of figure 2. In this case, direct UV detachment
from the p- and s-bands (corresponding to Features B and C)
yield the BG in the photoelectron spectrum. Extrapolation of
extracted BG energies indicates that the transition to metallic
bonding (i.e. BG ∼0) occurs around n = 400 ± 30 Hg
atoms.
An interesting effect in the photoelectron spectra of Hg−n
anions is shown in figure 1(b), where photoelectron spectra
for Hg−12 are shown as a function of photon energy. In addition
to the direct detachment features B and C, an additional
feature (E) appears at slightly higher eBEs than feature B at
selected photon energies. This results from resonant excitation
7 These are not ‘bands’ in the strictest sense, as there is always some energy
spacing for finite systems, but for the sake of simplicity that term will be used
throughout this work.
Figure 2. Schematic of possible photoinduced electronic processes
in Hg−n for the experiments described in the text. Processes A–D
show no time dependence beyond cross correlation limited
depletion effects. Process E describes Auger emission, which is
detectable only after some relaxation of the excited electron or hole
(or both); process F is the intraband excitation and relaxation prior
to detachment; and process G describes the transient interband
population. Red denotes IR wavelengths, blue denotes UV
wavelengths. See text for exact combinations used in each
experiment.
of an electron from the s-band to the p-band, creating an
electron–hole (e−–h+) pair in the cluster. This e−–h+ pair can
decay by an Auger process, in which recombination releases
enough energy to eject the excess electron originally lying at
the bottom of the p-band (process E in figure 2). Because these
electrons appear at lower electron kinetic energies (eKEs)
than the direct detachment feature B, some relaxation of the
nascent e−–h+ pair must occur prior to Auger emission.
These observations raise questions about the rate of this
Auger process and the nature of the relaxation prior to electron
emission. We address these questions here using TRPEI. In
these experiments, we use one femtosecond laser pulse to
excite an electron within the cluster to a higher electronic
state and then a second such pulse to detach the electron
after a variable time-delay. We have monitored the dynamics
following the two types of excitation: ‘intraband’ (6p → 6p∗)
and ‘interband’ (6s2n6p1 → 6s2n−16p16p∗) excitation.
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Figure 3. Anion TRPEI apparatus.
2. Experimental set-up
The experimental set-up for TRPEI has been described in
detail elsewhere [24]; a brief summary is given here and
the apparatus is shown schematically in figure 3. Mercury
clusters are produced via a seeded supersonic expansion
of argon and Hg vapor (over 230 ◦C liquid Hg) into a
vacuum chamber using a pulsed solenoid valve [25] and
ionized with a pulsed ring electrode. Anions are then
injected into a Wiley–McLaren [26] type time-of-flight (TOF)
mass spectrometer. The cluster size of interest is isolated
using a pulsed electrostatic switch. The size-selected ion
packet is then crossed with femtosecond pump and probe
laser pulses. The pump pulse electronically excites the
anion, and at a designated time delay the probe pulse
detaches electrons that are energetically accessible. Ejected
photoelectrons are collected and analyzed by velocity-map
imaging (VMI) [27] giving both velocity and angular
information. The photoelectrons are accelerated toward a
stack of microchannel plates (MCPs) coupled to a phosphor
screen, creating an image that is captured in real time using
a CCD camera. The raw images are four-way symmetrized
to account for inhomogeneities in the detector, and then
inverted using the BASEX transformation [28] to recover
the three-dimensional photoelectron distribution. Angular
integration yields the speed distribution of the electrons, from
which we extract either the eKE or eBE distributions reported
here (eBE= hνprobe−eKE).
Laser pulses in these experiments are produced
with a commercial Ti:sapphire femtosecond oscillator,
amplified through regenerative chirped-pulse amplification
(Clark-MXR NJA-5 and CPA-1000) to yield ∼100 fs
pulses with 1 mJ pulse energy at a fundamental wavelength
of ∼800 nm/1.55 eV. Second and third harmonics of
this wavelength at 400 nm/3.10 eV and 266 nm/4.65 eV,
respectively, are generated in nonlinear BBO crystals, with
typical pulse energies of 100 µJ pulse−1. Infrared pulses at
1.0 eV are generated using an optical parametric amplifier
(TOPAS, Light-Conversion, Ltd), resulting in ∼1 µJ pulse−1.
The time resolution, given by the cross correlation of the
pump and probe laser pulses, is ∼150 fs .
In the intraband experiments [6, 7], a pump pulse at either
1.55 or 1.0 eV is used to excite an electron from the bottom of
the p-band to a higher-lying p-state and a 3.10 eV probe pulse
detaches at a prescribed time-delay. Interband experiments
[8, 9] utilize a 4.65 eV pump/1.55 eV probe scheme, where
the UV pump excites an electron from the s-band into the
p-band, and the 1.55 eV probe pulse detaches electrons from
the p-band.
3. Dynamics in mercury cluster anions
3.1. Results
Figure 4 shows representative photoelectron images and
associated spectra for an intraband excitation experiment
of Hg−15 at a pump energy of 1.55 eV [6]. Peak F at
∼2.6 eV at the zero-of-time delay (t0) in the progression
results from detachment of the initially prepared excited
state. At later time delays, the peak shifts to lower eKE
until it almost coincides with the detachment of ground state
electrons at the bottom of the p-band (feature B), at which
point the dynamics are complete. For the cluster size range
studied here (n = 11–16, 18), these dynamics occur on a
timescale of ∼10–40 ps. Because there are no other mobile
charge carriers present, electronic relaxation can only occur
via sequential radiationless transitions through the p-band.
Analogous experiments using 1.0 eV pump photons [7] were
conducted in similarly sized clusters (n = 7–13, 15, 18) and
the resulting relaxation rates of ∼4–9 ps were observed to be
faster, on average, by a factor of 3–4.
A second set of experiments was performed to investigate
the dynamics following interband excitation, pumping
with 4.65 eV and probing with 1.55 eV. Figure 5 shows
time-resolved photoelectron spectra for Hg−19 over a 3 ps delay
range. The integrated intensity of each feature is plotted
as a false-color map over its respective energy range as a
function of time delay. Features A, B and C in figure 5
show only trivial depletion-related dynamics. These coincide
with the same processes observed in the original one-color
work of Cheshnovsky [21, 22], with the exception of feature
A, which requires intensities associated with femtosecond
lasers. However, the Auger feature E has time-dependence
that extends well beyond the cross correlation of the pump
and probe pulses, and is therefore of interest dynamically. In
addition, there is another feature (G) around 0.6 eV that only
appears in the time-resolved spectra. This feature appears in
an energy range consistent with transient [1 + 1′] detachment
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Figure 4. Photoelectron images and their associated spectra for
Hg−15 at t = 0, 8, and 62 ps following intraband excitation.
The direct-detachment peak from the p-band (feature F) moves
to lower eKE with increasing time delay as the excited
electron non-adiabatically cascades through the states in the
band [6].
Figure 5. Time-resolved photoelectron spectra following interband
excitation of Hg−19. Each of the features is labeled according to the
processes presented in figure 2. Feature E is the Auger tail described
in the text and seen in previous one-color studies, seen here to
evolve in time. Feature G at ∼ 0.6 eV belongs to the transient
interband electron population.
Figure 6. Integrated intensities of the Auger feature (E, blue) and
the transient interband electron intensity (G, red) for Hg−13. Feature
E is fit to an exponential recovery with a time constant of
490 ± 55 fs; feature G is fit to a convolution of a Gaussian (for the
laser profile) and an exponential decay, with an extracted time
constant of 400 ± 55 fs.
of excited electrons high enough in the p-band. It disappears
slightly faster than the recovery of the Auger feature E, but
lasts significantly longer than the cross correlation.
The integrated intensities of each of these features for
Hg−13 are displayed in figure 6. The Auger emission signal is
fit to an exponential recovery and occurs over approximately
490 ± 55 fs (τE). Changes in intensity before t0 are due to
depletion effects from the cross correlation of the two pulses,
as at negative time-delays, the probe pulse arrives before the
pump, depleting the excess electron (via channel A) prior
to Auger ejection; these effects are discussed in detail in
our previous work [8]. The transient p-state population must
first be created by the pump pulse before being detached by
the probe, thus the population is fit to a convolution of an
exponential decay with a Gaussian with a width equal to the
cross correlation time. The recovered time constant is 400 ±
55 fs (τG). Both processes show complementary dynamics:
they occur over similar timescales and the recovery of Auger
signal is concomitant with decay of the transient population.
The complementary nature of the dynamics suggests that
these features are probing the same dynamical process and
fully account for the transient electron population.
Timescales for the intraband and interband experiments
are shown as a function of cluster size in figure 7. Notable
features are that (a) intraband relaxation is faster for excitation
at 1.0 eV than at 1.55 eV, (b) relaxation subsequent to
interband excitation is typically an order of magnitude faster
than intraband relaxation and (c) the timescale for recovery
of the Auger signal (feature E in figure 7(b)) rises abruptly at
n = 13.
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Figure 7. (a) Timescales for non-adiabatic relaxation through the
p-band following intraband excitation (1.55 eV in black and 1.0 eV
in green) as a function of cluster size; this relaxation occurs on a
∼10 ps timescale. (b) Auger emission timescales (feature E in blue)
and transient interband electron decay timescales (feature G in red)
as a function of cluster size, on a femtosecond timescale.
3.2. Discussion
In the case of intraband excitation, the lone electron at the
bottom of the p-band is excited to a higher-lying p-state
(process F in figure 2) using a low energy IR pump photon.
Since there are no other charge carriers present in the
conduction band, the electron can only relax via the cluster
equivalent of electron–phonon coupling. The overall shape of
the eKE progressions suggests that the electron relaxes from
one electronic state to another, cascading non-adiabatically
through the p-band, a mechanism reinforced by kinetic
modeling with a simple master equation approach of the
observed dynamics [6]. In this size range, the electronic states
within the p-band are spaced by ∼0.1 eV [10], and each
non-adiabatic transition results in transfer of electronic energy
into vibrational modes of the cluster.
The observed relaxation rates corresponding to the
timescales reported in figure 7(a) (1/τ ) generally increase
with cluster size, but not in a simple monotonic fashion.
In contrast, rates obtained from the described kinetic model
(which does not incorporate any quantum effects and assumes
equal coupling over a uniform density of states (DOS)) scale
linearly [6]; each Hg atom contributes three unoccupied
p-states, so the DOS (and thus the rate) should increase
linearly with cluster size. Quantum and surface effects
inherent to the molecularity and high fraction of surface
atoms in this size range thus still have a strong influence
on the relaxation rate. The somewhat faster relaxation at
1.0 eV is rather surprising, since one generally expects more
rapid relaxation for higher excitation energies, since more
relaxation pathways are accessible.
A possible explanation for faster relaxation is that the
electronic DOS is not uniform across the p-band, an idea that
is supported by calculations [10] of neutral clusters. A higher
DOS closer to the bottom of the p-band, for example, would
require less energy being transferred into cluster vibrational
modes for each radiationless transition, thereby increasing the
relaxation rate. However, more detailed theory is needed to
confirm this hypothesis.
From figure 7, it can easily be seen that the recovery of
the Auger (E) and the decay time of the [1 + 1′] (G) features
in the interband excitation experiments are significantly
faster than the intraband relaxation at either pump energy.
Both the Auger and transient timescales show an overall
increase with cluster size, though there is also a high degree
of variation over this small size range, again highlighting
the molecular nature of these clusters. The faster dynamics
subsequent to interband excitation reflects the presence of
multiple charge carriers, i.e. two electrons and one hole, and
the accompanying larger variety of decay channels accessible
to the excited state created by the pump pulse. While the
excited p-electron can decay by electronic → vibrational
energy transfer in both cases, the Auger decay pathway is
accessible only upon interband excitation. This situation is
similar to that in quantum dots, in which excited states with
multiple excitons decay much more rapidly than states with a
single e−–h+ pair [29, 30].
The marked jump in τE toward longer lifetimes at n = 13
coincides with various other observations in both experiments
and calculations on neutral and charged Hg clusters, which
indicate a transition from vdW to covalent bonding [10–19].
It should be noted that the n = 13 geometry is predicted to
be a Hg atom encapsulated by an icosahedral shell [14]. This,
combined with the reduced surface area of such a symmetric
structure and the heightened number of nearest neighbors
would lead to an increase in sharing of the electrons and
mixing/hybridization of the s- and p-orbitals. Also, the high
symmetry of this shape will facilitate delocalization of the
excess charge, which could explain why the transient times
are less sensitive to the size change at n > 13.
As mentioned above, Auger emission occurs with
lower eKE than the direct detachment feature, which
means the e−–h+ pair must relax before recombining.
This relaxation must be due to something other than the
stepwise non-adiabatic transitions inferred from the intraband
experiments, as the Auger timescale is more than an order
of magnitude faster than the timescales in figure 7(a).
Calculations [15] using the diatomics-in-molecules (DIM)
approach suggest that in neutral Hg clusters the creation of
an e−–h+ pair leads to a contraction of the nearest-neighbor
bond lengths. This hole-induced contraction likely occurs
in the anionic clusters as well. Such a process would
have substantial effects on the relaxation dynamics, as the
s-electron is now excited to a highly perturbed electronic
state, far from the equilibrium bond distance at the minimum
of the potential energy surface. The excited cluster can
then undergo vibrational relaxation toward the equilibrium
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geometry, leading to dissipation along the nuclear coordinates
such that that energy is no longer available to the electron.
Moreover, because there are two electrons in the p-band
and one hole in the s-band in the interband experiments,
the excited electron can relax by multiple pathways, moving
lower in energy through the manifold of anion excited states,
with the energy difference being made up via inelastic
electron–electron and/or electron–hole scattering. Indeed,
electron–electron scattering has been invoked to explain the
rapid timescales seen for ultrafast electron relaxation in
transition metal clusters as well [31–33]. Here, the manifold
of anion states is much denser than that belonging to those
excited states where there is only one p-band electron and
no hole in the s-band; relaxation along this manifold can also
occur as the hole rises in energy. Through either mechanism,
the emitted Auger electron has less energy available to it than
before relaxation, and thus will be detected at lower kinetic
energy, which must occur before the electrons are emitted.
Thus the timescales extracted from each process represent
upper bounds to the actual relaxation times, which, again, are
an order of magnitude faster than the non-adiabatic relaxation
of a single electron in the p-band seen in the intraband
excitation experiments.
4. Outlook
Our extensive experiments have determined the timescales
of various electronic relaxation processes in isolated
semiconducting clusters. A single mobile electron within
the conduction band will relax via interactions with the
phonon bath over tens of picoseconds as it falls through the
energy levels of the conduction band. However, the presence
of additional charge carriers is seen to have a dramatic
effect on the decay of the electronic excitation. A change
in geometry induced by a hole in the valence band and/or
electron–electron scattering causes a substantial increase in
the rate of energy transfer, into the femtosecond regime.
At present, however, it is unclear whether it is the electron
or the hole, or both in conjunction that are responsible for the
relaxation in Hg−n . The analogous process creating the e
−–h+
pair from the d-band could elucidate the role of the hole in the
overall relaxation. The density of p-states would remain the
same but the density of hole states would presumably be much
larger and thus the hole could relax much faster, increasing the
rate of Auger decay.
Investigating both the intra- and interband excitation
studies over a broader size range is the next natural step, as the
clusters become more similar to their quantum dot analogues
and structural differences between anions and neutrals should
be reduced. Figure 7 seems to suggest convergence toward a
large-size limit for the timescales of the processes involved, at
least over the size range of the vdW-to-covalent transition. At
much larger cluster sizes, the effect of the insulator-to-metal
transition on the relaxation rates would also be of considerable
interest. Experiments to probe these effects are planned in our
laboratory.
Varying the pump energy should also yield interesting
results. In addition to being able to access the d-band
electrons in larger clusters, pumping with higher frequency
light could generate multiple excitons through charge-carrier
multiplication [2, 3]. The effect on the observable relaxation
rates would yield more insight into the nature of the relaxation
and provide a clear parallel to studies on larger quantum dots.
Central to all of these experiments is a detailed
knowledge of the band structure. An explicit mapping of
the DOS with higher energy resolution over the cluster
size regime studied would aid in the interpretation of these
results, especially for the pump energy-dependent intraband
relaxation rates. This information could be obtained through a
combination of experiment and improved electronic structure
calculations. In addition, experiments that probe the geometric
evolution of neutral and charged mercury clusters with size
would be exceedingly valuable in understanding the trends
seen here. Electron diffraction experiments on size-selected
clusters [34] may be very useful in addressing this issue.
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